Kinks in the dispersion of strongly correlated electrons 
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The properties of condensed matter are de- 
termined by single-particle and collective exci- 
tations and their interactions. These quantum- 
mechanical excitations are characterized by an 
energy E and a momentum hk which are related 
through their dispersion E^. The coupling of two 
excitations may lead to abrupt changes (kinks) 
in the slope of the dispersion. Such kinks thus 
carry important information about interactions 
in a many-body system. For example, kinks de- 
tected at 40-70 meV below the Fermi level in 
the electronic dispersion of high-temperature su- 
perconductors are taken as evMence for phonon 
[1, 2] or spin-fluctuation based [3, 4] pairing mech- 
anisms. Kinks in the electronic dispersion at bind- 
ing energies ranging from 30 to 800 meV are also 
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found in various other metals [5, 6, 7, 8, 9, lU, 
Hi? 12l, JA, JA, 1&, J7J posing questions about 
their origins. Here we report a novel, purely elec- 
tronic mechanism yielding kinks in the electron 
dispersions. It applies to strongly correlated met- 
als whose spectral function shows well separated 
Hubbard subbands and central peak as, for exam- 
ple, in transition metal-oxides. The position of the 
kinks and the energy range of validity of Fermi- 
liquid (FL) theory is determined solely by the 
FL renormalization factor and the bare, uncor- 
related band structure. Angle-resolved photoe- 
mission spectroscopy (ARPES) experiments at 
binding energies outside the FL regime can thus 
provide new, previously unexpected information 
about strongly correlated electronic systems. 

In systems with a strong electron-phonon coupling 
kinks in the electronic dispersion at 40-60 meV are 
well known 0, 0, H- Collective excitations other than 
phonons, or even an altogether different mechanism, may 
be the origin of kinks detected at 40 meV in the dis- 
persion of surface states of Ni(llO) 0- Surface states 
of ferromagnetic Fe(llO) show similar kinks at 100-200 
meV 1^, and even at 300 meV in Pt(llG) - far be- 
yond any phononic energy scale |0| . Kinks at unusually 
high e nerg ies are also found in transition-metal oxides 
m El El El El, where the Coulomb interaction leads 



to strong correlations, e.g., at 150 meV in SrVOs El- Un- 
expectedly, kinks at 380 meV and 800 meV were reported 
recently for three different families of high-temperature 
superconductors at different doping levels E3- 

Interactions between electrons or their coupling to 
other degrees of freedom change the notion of Ek as the 
energy of an isolated electron or of a mode with infinite 
lifetime. Namely, the interactions lead to a damping ef- 
fect implying that the dispersion relation is no longer a 
real function. For systems with Coulomb interaction FL 
theory predicts the existence of fermionic quasiparticles 
|l8l |. i.e., exact one-particle states with momentum k and 
a real dispersion E^, at the Fermi surface and at zero 
temperature. This concept can be extended to k states 
sufficiently close to the Fermi surface (low-energy regime) 
and at low enough temperatures, in which case the life- 
time is now finite but still long enough for quasiparticles 
to be used as a concept. 

Outside the FL regime the notion of dispersive quasi- 
particles is, in principle, inapplicable since the lifetime of 
excitations is too short. However, it is an experimental 
fact that fc-resolved one-particle spectral functions mea- 
sured by ARPES often show distinct peaks also at en- 
ergies far away from the Fermi surface. The positions of 
those peaks change with fe, which means that the corre- 
sponding one-particle excitations are dispersive, in spite 
of their rather short lifetime. It turns out that kinks in 
the dispersion relation are found in this energy re gion 
outside the FL regime [1 S ll ll IE ll H 11 [ifl Ellll 

El El El El E3 

We describe here a novel mechanism leading to kinks 
in the dispersion of strongly correlated electrons, which 
does not require any coupling to phonons or other excita- 
tions. To set the stage for this mechanism, which requires 
strong correlations, we consider first a weakly correlated 
system. Imagine we inject an electron into the partially 
filled band at an energy close to the Fermi surface. In 
this process the entire system becomes excited, leading 
to the generation of many quasiparticles and -holes. In 
view of their long lifetime the Coulomb interaction with 
other quasiparticles or -holes modifies their dispersion 
which, according to FL theory, becomes i?k = Zpj^ek- 
Here ZpL is a FL renormalization factor and is the 



2 




<-2 -1.5 -1 -0.5 0.5 >1 



FIG. 1: Kinks in the dispersion relation Ek for a strongly correlated system. The intensity plot represents the spectral 
function A{k,u}) (Hubbard model in DMFT, cubic lattice, interaction [7=3. 5 eV, bandwidth W ~ 3.64 eV, n—1, Zfl =0.086, 
T = 5 K). Close to the Fermi energy the effective dispersion (white dots) follows the renormalized band structure = ^PLtfe 
(blue line). For \lu\ > tj* the dispersion has the same shape but with a different renormalization, Ek = Zcp^k — c sgn(i5fe) 
(pink line). Here aj^=0.03 eV, Zcp = 0.135, and c = 0.018 eV are all calculated (see appendix) from Zfl and (black line). 
A subinterval of F-R (white frame) is plotted on the right, showing kinks at ±a;* (arrows). 



bare (noninteracting) dispersion. By contrast, an elec- 
tron injected at an energy far from the Fermi level leads 
to excitations with only a short lifetime; their dispersion 
is hardly affected by the weak interaction, i.e., Ek ~ ek 
(see appendix). The crossover from the FL dispersion to 
the noninteracting dispersion can lead to kinks near the 
band edges which mark the termination point of the FL 
regime. However, for weakly correlated metals (ZpL < 1) 
the slope of Ek changes only a little; hence the kinks are 
not very pronounced. 

The situation is very different in strongly correlated 
metals where ZpL can be quite small such that kinks can 
be well-pronounced. The strong interaction produces a 
strong redistribution of the spectral weight in the one- 
particle spectral function. Namely, the conducting band 
develops so-called Hubbard subbands, whose positions 
are determined by the atomic energies. For metallic sys- 
tems a resonant central peak emerges around the Fermi 
level which lies between these subbands. The central peak 
of this so-called three-peak structure is often interpreted 
as a "quasiparticle peak" , but it will be shown below 
that genuine FL quasiparticles exist only in a narrow 
energy range around the Fermi level. Outside this FL 
regime, but still inside the central peak, we identify a new 
intermediate- energy regime, where the dispersion is given 
by Ek ~ Zcp^k- Here Zqp is a new renormalization fac- 



tor, given by the weight of the central peak, which differs 
significantly from ZpL. At these intermediate energies, 
which are much smaller than the interaction strength, an 
injected electron or hole is still substantially affected by 
the other electrons in the system. Therefore its dispersion 
is neither that of a free system, nor that of the (strongly 
renormalized) FL regime, but rather corresponds to a 
moderately correlated system (ZpL < Zcp < !)■ As a 
consequence there occurs a crossover at an intermediate 
energy inside the central peak from ZpL renormal- 
ization to Zcp renormalization, which is visible as kinks 
in the dispersion. As shown below, in a microscopic the- 
ory the position of those kinks and the breakdown of the 
FL regime are directly related. We emphasize that this 
mechanism yields kinks but does not involve coupling of 
electrons and collective modes; only strong correlations 
between electrons are required. 

For a microscopic description of these electronic kinks 
we use the Hubbard model, which is the generic model for 
strongly correlated electrons, and solve it by maiiy-body 
dynamical mean-field theory (DMFT) [H l^fl, HI ll^, us- 
ing the numerical renormalization group as an impurity 
solver. We focus on a single band with particle-hole sym- 
metry and discuss the asymmetric case in the appendix. 
For the strongly correlated Hubbard model (interaction 
U ~ bandwidth) the dispersion relation is shown in Fig.^ 
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and the spectral function in Fig. The dispersion rela- 
tion Ek crosses over from the Fermi-liquid regime (blue 
line in Fig. ^ to the intermediate-energy regime (pink 
line in Fig.^, as described above, and shows pronounced 
kinks at the energy scale = 0.03 eV. In some direc- 
tions in the Brillouin zone these kinks may be less visible 
because the band structure is flat (e.g., near the X point 
in Fig.^. The behavior of is now analyzed quantita- 
tively. 

The physical quantity describing properties of one- 
particle excitations in a many-body system is the Green 
function or "propagator" G{k,Lu) — (lu + /j, — — 
I](fc,a;))^^, which characterizes the propagation of an 
electron in the sohd 0. Here oj is the frequency, ^ 
the chemical potential, Ck the bare dispersion relation, 
and E(A;, lu) is the self-energy, a generally complex quan- 
tity describing the influence of interactions on the prop- 
agation of the one-particle excitation, which vanishes in 
a noninteracting system. The effective dispersion rela- 
tion Ek of the one-particle excitation is determined by 
the singularities of G{k,uj), which give rise to peaks in 
the spectral function A{k,u!) = — ImG'(fc, ijj)/7r. If the 
damping given by the imaginary part of S(fc,[j) is not 
too large, the effective dispersion is thus determined by 
Ek + fJ- — £k — ReT,{k,Ek) — 0. Any kinks in Ek that 
do not originate from must therefore be due to slope 
changes in ReE(fc,(jj). 

In many three-dimensional physical systems the k de- 
pendence of the self-energy is less important than the 
uj dependence and can be neglected to a good approx- 
imation. Then one may use the DMFT self-consistency 
equations to express T,{k,uj) — T,(uj) as S(w) — uj + fj, — 
1/G(w) - A(G(w)), where G{lo) = jGik,iu)dk is the 
local Green function (averaged over k) and A(G) is an 
energy-dependent hybridization function, expressed here 
as a function of G(a;) |2^. The hybridization function de- 
scribes how the electron at a given lattice site is quantum- 
mechanically coupled to the other sites in the system. It 
plays the role of a dynamical mean-field parameter and 
its behavior is strongly dependent on the electronic cor- 
relations in the system. Fig. shows a typical result 
for the integrated spectral function A{llj) — — ImG((jj)/7r 
with the aforementioned three-peak structure. The cor- 
responding real parts of the local propagator G{u) and 
self-energy E(w) are shown in Fig.|23 and Fig.l^t, respec- 
tively. 

Kinks in Rel]([j) appear at a new small energy scale 
which emerges quite generally for a three-peak spec- 
tral function A(uj). Kramers-Kronig relations imply that 
Re[G(a;)] is small near the dips of A{co), located at ifi. 
Therefore Re[G(a;)] has a maximum and a minimum at 
iwinax inside the central spectral peak (Fig.^p). This di- 
rectly leads to kinks in ReS(a;) for the following reason. 
There are two contributions to S(i^): lu + fi — 1/G{lu) 
and -A(G(a;)). While Re[w + /i - 1/G(w)] is linear 
in the large energy window < 57 (Fig. the 
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FIG. 2: Local propagator and self-energy for a 
strongly correlated system (parameters as Fig. ITji . 

a, Correlation-induced three-peak spectral function A{lj) = 
—\mG{uj)/n with dips at ±f2 = 0.45 eV. b, Correspond- 
ing real part of the propagator, — ReG(aj), with minimum 
and maximum at iwmax inside the central spectral peak, 
c. Real part of the self-energy with kinks at ioj* (blue cir- 
cles) , located at the points of maximum curvature of ReG(ti^) , 
{ijJi, = 0.4tJmax = 0.03 eV). A, UJ 1/G{lu) contributes to 
the self-energy. In general Re[tj — 1/G{uj)] (blue line) is lin- 
ear in < r2. The other contribution to the self-energy is 
— lS.{G{ui)) ~ — (m2 — m\)G{ijj) (to lowest order in the mo- 
ments mi of tfe; here m2 — mi=0.5 eV^). Therefore the nonlin- 
earity of — Re[G(tj)] at ±0;* determines the location of kinks. 

term — Re[A(G(aj))] is approximately proportional to 
— Re[G(a;)] (at least to first order in a moment expan- 
sion), and thus remains linear only in a much narrower 
energy window |cl;| < Wmax- The sum of these two con- 
tributions produces pronounced kinks in the real part 
of the self-energy at icj^,, where uj-i, — (a/S — l)winax 
is the energy where Re[G(a;)] has maximum curvature 
(marked by blue circles in Fig. |2t;). The Fermi- liquid 
regime with slope dKcY^iuj) / duj = 1 — 1/Zfl thus ex- 
tends only throughout a small part of the central peak 
(|w| < uji,). At intermediate energies (w* < |a;| < Q) 
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the slope is then given by dKeYi{ijj) / doj = 1 — 1/Zcp- 
The kinks at iw^, mark the crossover between these two 
slopes. As a consequence there is also a kink at lo^, in the 
effective band structure Ef,. 

The above analysis also explains why outside the FL 
regime Ek still follows the uncorrelated dispersion, albeit 
with a different renormalization Zcp and a small offset 
c. This behavior is due to w + /x — 1/G(a;), the main 
contribution to the self-energy inside the central peak 
for uji, < \u}\ < fl. In particular our analysis explains the 
dependence of Ek on k that was observed in previous 
DMFT studies of SrVOg (see appendix). 

The FL regime terminates at the kink energy scale 
w-t, which cannot be determined within FL theory itself. 
The quantities w^,, Zcp, and c can nevertheless all be ex- 
pressed in terms of ZpL and the bare density of states 
alone; explicitly, one finds oj* = Zfl(%/2 — !)£', where 
D is an energy scale of the noninteracting system, e.g., 
D is approximately given by half the bandwidth (see ap- 
pendixfor details). For weak correlations (.^fl ^ 1) the 
kinks in E^ thus merge with the band edges and are 
almost undetectable, as discussed above. On the other 
hand, for increasingly stronger correlations {Zpi^ <C 1) 
the kinks at U!i,/D cx Zfl move closer to the Fermi en- 
ergy and deeper inside the central peak, whose width 
diminishes only as 0/D cx V-^fl [13 ■ 

The energy scale involves only the bare band struc- 
ture which can be obtained, for example, from band 
structure calculations, and the FL renormalization Zfl = 
1/(1 — 9ReI](0)/9cj) = m/m* known from, e.g., specific 
heat measurements or many-body calculations. We note 
that since phonons are not involved in this mechanism, 
bJi, shows no isotope effect. For strongly interacting sys- 
tems, in particular close to a metal-insulator transition 
|22l |. uji, can become quite small, e.g., smaller than the 
Debye energy. 

An analysis similar to the one presented above also 
holds for systems with strong hybridization such as the 
high-temperature superconductors, where the overlap be- 
tween d and oxygen p states is important The as- 
sumption of a fc-independent self-energy may also be re- 
laxed: if a correlation-induced three-peak spectral func- 
tion A{k,uj) is present for a certain range of momenta 
fc, the corresponding self-energies S(fc,w) and effective 
dispersion Ek will also develop kinks, as can be proved 
using cluster extensions to DMFT. 

In conclusion, we showed that kinks in the electronic 
dispersion result from strong correlations alone, i.e., even 
without coupling to collective modes such as phonons. 
The energy of these kinks is a quantitative measure of 
electronic correlations in many-body systems; it marks 
the termination point of the Fermi liquid regime and 
can be as high as several hundred meV. These kinks 
are a fingerprint of a strongly correlated metal and are 
expected to be observable in many materials, including 
high-temperature superconductors. 
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APPENDIX: TECHNICAL DETAILS 
Existence of kinks in the self-energy 

A sufficient condition for kinks in the real part of the 
self-energy S(w) and in the effective dispersion Ek is the 
existence of a correlation-induced three-peak structure in 
the spectral function A{u!) — —lmG{uj)/TT. These kinks 
are located at energies inside the central peak of A{uj). 
This can be derived from the DMFT self-consistency con- 
dition, 

E{Lu) = Lu + fi-l/Giuj)-A{Giuj)), (1) 

where G{uj) is the local Green function and A(G) is the 
hybridization function |2^ . 

Suppose that A{uj) has three well-developed peaks with 
dips at il± (Fig.|3i.), i.e., the central peak is located in the 
interval 0_ < a; < fl+ (allowing for a general, asymmet- 
ric case). Kramers-Kronig relations imply that ReG(w) 
becomes small in the vicinity of 0± and thus has ex- 
trema inside the central spectral peak (Fig.l^js). Consider 
now the complex function co — 1/G{ijj). Peaks and dips 
in A{u}) are reflected as dips and peaks in Im[— l/G(Li;)], 
respectively (red line in Fig. Eli). By Kramers-Kronig re- 
lations, the peaks of Im[— 1/G(tt')] near fi-t imply zeros 
in w — Re[l/G(a;)], which thus has one maximum and one 
minimum inside the central peak (blue line in Fig. [Sji). 
Hence we find that inside the central peak Re[w — 1 / G{uj)] 
is monotonous and may be approximated by a straight 
line, provided A{uj) is sufficiently smooth. Thus there 
are two different contributions to Rel](a;) (Fig. 13;): (i) 
Re[a;-f-/i— 1/G(a;)] is approximately linear in lu through- 
out the central spectral peak, while (ii) Re[— A(G(cj))] is 
linear in a smaller interval cj^ _ < uj < LUi,^+, thus lead- 
ing to kinks in Rel](ct;) inside the central spectral peak. 
Below we determine the location i^*,± of these kinks and 
the resulting effective dispersion relation Ek- 
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Location of kinks in the self-energy 

As discussed above, since Ke[uj + fi— 1 / G{llj)] is approx- 
imately linear in this interval, we can expand the inverse 
of the local propagator as 1 /G{uj) — zq + zilu + 0{uP') for 
small uj. We rewrite this as 



0(u? 



(2) 



i.e., zq — (— a;o + j7)/^cp and zi = (l + i7')/Zcp. For the 
particle-hole symmetric case ljo and 7' are zero. We note 
that the in vicinity of w = the local Green function 
G(lS) can thus be approximated by a simple pole. When 
neglecting 7', the parameter Zcp equals the weight of 
the central peak of A(uS), which is approximated by a 
Lorentzian. 

The parameters ^cp, 7, t^o, 7' are determined as fol- 
lows. We employ the DMFT self-consistency equation 

GH = Go(c^ + /i-I]H), 

which is equivalent to Eq. ^ . Here 

po(e) 



Go(z) 



z - e + iO 



is the propagator and po(^) the density of states (DOS) 
for the noninteracting case. We also have the Fermi-liquid 
relations dYj j = 1 — 1/2'fl and Luttinger's theo- 
rem 113, which reduces to ^ - S](0) = \iQ in DMFT, 
where /xp is the chemical potential for the corresponding 
noninteracting system. Altogether this leads us to the 
equations 



1 



^0 



Go{fJ-o 



2'flGo(mo)^ 



which are immediately solved by taking real and imagi- 
nary parts, i.e.. 



1 



^CP 



LOq 



Rezi ' 
—Re zq 
Rezi 



Im Zq 
Rezi 
Im zq 
Rc zi 



The parameters Zcp, 7, loq, 7' are thus determined by 
ZpL and the bare DOS alone. For the parameters in Fig. 2] 
we obtain Zcp = 0.135, 7 ^ 0.076 eV, ujq = 0, 7' = 0. 

Using the expansion the first contribution to the 
self-energy [Eq. |^] becomes 



Rc[uj + n - 1/G(tj)] = const + (1 - l/Zcp)o 



(3) 



i.e., this function is linear inside the central peak. On the 
other hand Re[A(G(w))] is linear only on the narrower 

scale \uj\ < \uj*,±\ <C \^±\ and is thus responsible for 
kinks in Re[E(w)] at w*.±, which are located inside the 



central peak. This location can now be calculated by in- 
serting the linear ansatz for 1/G into A(G). To identify 
the relevant energy scales we proceed by expanding the 
DMFT self-consistency equation 23| as 

A(G) = (to2 - TO?)G -I- (mg - 3mim2 -1- 2to?)G^ H , 

where rrii are the moments of the bare DOS. This mo- 
ment expansion terminates after the first term for a semi- 
elliptical DOS; we omit the other terms in the following 
discussion. The kinks are located roughly at the extrema 
of Re[A(G(a;))], i.e., at 



7 -I- "f'uJo 



(4) 



To better understand the energy scales involved we as- 
sume particle-hole symmetry for the moment and use the 
first-order expansion of A(G). Then we find 



Jmax,± W ±7 W ±2gfZFL\/TO2 



with q = {p + l/p)/2 > 1 and p — TTpo{fJ'o)\/'n2—fri^- 
The kink location is thus given by Zpj^ times a non- 
interacting energy scale D which depends on the details 
of the DOS. For example, for a half-filled band with semi- 
elliptical model DOS D is given by half the bandwidth. 

An improved estimate of the kink energy scale oj* is 
obtained from the maximum curvature of Re[— A(G(ti'))]. 
The relevant solutions of d^ReG/duj^ = are 



7 + 7^^o 



1/2 



l-\/2 1± 
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(5) 



which reduces to — Zfl(V2 — for the particle- hole 
symmetric case. We obtain uJ^, — \uj*,±\ — 0.03 eV for the 
parameters of Fig. ^ This agrees well with the location 
of the kinks in ReS(ci;), as seen in Fig.[2t, where ±w^, is 
marked by blue circles. 



Effective dispersion relation 

For energies inside the central peak we now determine 
the effective dispersion Ek, which is defined as the fre- 
quency Lj) where A{k,Lu) has a maximum. Neglecting 
the UJ dependence of ImE(ct;), kinks in occur at the 
same energy as the kinks in ReE(ci;). We approxi- 
mate Rel](a;) by a piecewise linear function with slope 
1 — 1 /ZpL inside the Fermi liquid regime and 1 — 1 /Zqp 
in the intermediate-energy regime, i.e., 

Re[S(cj) - E(G)] 

'a_ + (1 - 1/Zcp)uj for 51* 



_ < a; < a;*^_ 
(1 — 1/Zfl)w for uji,^^ < UJ < uji,.+ 

a+ + {1 — l/Zcp)uJ for < uj < 51*,+ 



(6) 
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This approximation assumes that the self-energy con- 
stribution Q dominates over Re[— A(G'(tj))] outside the 
Fermi-hquid regime. Here a± = — (l/ZpL — 1/Zcp)a;*^± 
is required for continuity. We obtain the effective disper- 
sion from the equation Ek + H — Ck — Rel](£'fc) = and 
use the approximation ©. This yields 

{Zcvi^k - 1-J.o) + c- for ri^^_ < Ek < LOi,^^ 
^FL(efe - Mo) for cj^^- < Ek < uJ^.+ . (7) 

Zcp{<^k - Mo) + c+ for cj*.+ < Ek < r2*,+ 

The effective dispersion thus follows the bare dispersion 
with two different renormalization factors: ZpL in the 
Fermi liquid regime and Zqp in the intermediate-energy 
regime. The offset in Eq. ((Jj) is given by 

c± = Zcpa± = - I - 1 I ^*,± ■ 

In the particle-hole symmetric case (half-filled band with 
symmetric DOS and /io = 0) we find the effective disper- 
sions Ek — Zpi^ek and Ek = Zcpek T c with c = |c±|, 
respectively. For the parameters in Fig. ^ we obtain 
c = 0.018 eV. As Fig. ^ shows, the agreement of these 
renormalized dispersions with the observed maxima of 
A{uj) is very good. 

Further examples 

We close with three figures in order to put the occur- 
rence of electronic kinks into broader perspective. 

A strongly correlated system without particle-hole 
symmetry is shown in Fig. O For this less than half-filled 
band we find a pronounced kink in the effective disper- 
sion above the Fermi level. On the other hand, there is 
no kink below the Fermi level because the lower Hub- 
bard band in A{uj) is not separated well enough from the 
central spectral peak. 

For a degenerate multi-band system the analysis is very 
similar to that for a single-band system; results for SrVOs 
(with three degenerate correlated bands) are given in 
Fig.H 

Finally, Fig. shows results for a weakly correlated 
system with particle-hole symmetry. For weakly corre- 
lated systems the spectral function A{uj) usually has 
a single peak, given by the bare DOS with additional 
broadening. The real part of the self-energy is much 
smaller than in the strongly correlated case and typi- 
cally has a broad maximum near the lower and a mini- 
mum near the upper band edge. At these extrema the 
effective dispersion Ek crosses over from the FL dis- 
persion ZpLEfc to the free dispersion e^, but the corre- 
sponding kinks are very faint since ZpL is close to 1. 
Since Re[uj — 1/G{uj)] is approximately linear through- 
out the band, these weak kinks are located at the ex- 
trema of Re[-A(G'(w))] « -(ma - TO?)Re[G(w)], i.e., at 



'^max,± [Eq. Q]. For the parameters of Fig.|Slwe calcu- 
late ajniax=0.71 eV, which agrees well with the observed 
location of the crossover. 
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FIG. 3: Intensity plot of the spectral function A{k, uj) for a strongly correlated system without particle-hole symmetry (Hubbard 
model in DMFT, cubic lattice, [7=4 eV, bandwidth W = 3.46 eV, n=0.8, Zpl=0.26). The effective dispersion Ek (white dots) 
follows ZpL^k (blue line) near the Fermi level. At w*, +=0.062 eV it crosses over to Zcptfe -I- c+ (pink line at positive energies, 
Zcp ~ 0.40, c+=0.035 eV). The crossover between these two regimes leads to a pronounced kink. Here oj*, Zcp, and c+ were 
calculated from Zfl and the uncorrelated band structure as described above. On the other hand, below the Fermi level there 
is no crossover to Zcptfe -I- c_ (pink line at negative energies) because the lower Hubbard subband is not separated well enough 
from the central spectral peak. 
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FIG. 4: Kinks in the dispersion relation Enk (white dots) obtained for SrVOs with LDA+DMFT. In the vicinity of the 
Fermi energy it follows the LDA band structure e„k (black lines) renormalized by a Fermi-liquid factor Zfl = 0.35, i.e. 
Enk = Zpi^e^k (blue line). Outside the Fermi-liquid regime the dispersion relation follows the LDA band structure with a 
different renormalization, Enk = Zcp^nk + c± (pink line), with Zcp = 0.64, c+ =0.086 eV, c_ =0.13 eV (as determined from 
the linear approximation to 1/G, in contrast to 24]). Along the directions F-M and F-R the crossover between the two regimes 
leads to kinks at energies tj*_+=0.22 eV and ujt,-~-0-24: eV in the effective dispersion. These kinks are marked by arrows in 
the plot on the right, which corresponds to the white frame and shows the approximately piecewise linear dispersion of the 
lowest-lying band. From the intensity plot of the spectral function A{k, u) we note that in the intermediate-energy regime the 
resonance is rather broad but nonetheless dispersive. The LDA-I-DMFT calculation was performed for Hubbard interaction 
U = 5.55 eV and exchange interaction J = 1.0 eV |2^ : due to the degeneracy of the t2g band the self-energy obtained from 
DMFT is a diagonal matrix with equal elements. The results were obtained at temperature T = 0.1 eV with QMC as the 
impurity solver. 
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FIG. 5; Intensity plot of the spectral function A{k,Lj) for a weakly correlated system (Hubbard model in DMFT, cubic lattice, 
U=l eV, bandwidth W = 3.46 eV, n=l, Zfl=0.80). The effective dispersion Ek (white dots) follows Zpi^ek (blue line) near 
the Fermi level and crosses over to bare dispersion ek (black line) at higher energies. The crossover between these two regimes 
does not lead to a sharp kink. As in Fig. Q the Gaussian DOS for the hypercubic lattice with t^ — l eV was used, which for a 
three-dimensional cubic lattice corresponds to t — t*/\/6, i.e., bandwidth W = 3.46 eV. 



